Preliminary studies suggest that direct stenting (DS) during percutaneous coronary intervention (PCI) may reduce microvascular obstruction and improve clinical outcome. Thrombus aspiration may facilitate DS. We assessed the impact of DS on clinical outcome and myocardial reperfusion and its interaction with thrombus aspiration among ST-segment elevation myocardial infarction (STEMI) patients undergoing PCI. 
Patient-level data from the three largest randomized trials on routine manual thrombus aspiration vs. PCI only were merged. A 1:1 propensity matched population was created to compare DS and conventional stenting. Synergy between DS and thrombus aspiration was assessed with interaction P-values in the final models. In the unmatched population (n = 17 329), 32% underwent DS and 68% underwent conventional stenting. Direct stenting rates were higher in patients randomized to thrombus aspiration as compared with PCI only (41% vs. 22%; P < 0.001). Patients undergoing DS required less contrast (162 mL vs. 172 mL; P < 0.001) and had shorter fluoroscopy time (11.1 min vs. 13.3 min; P < 0.001). After propensity matching (n = 10 944), no significant differences were seen between DS and conventional stenting with respect to 30-day cardiovascular death [1.7% vs. 1.9%; hazard ratio 0.88, 95% confidence interval (CI) 0.55-1.41; P = 0.60; P interaction = 0.96) and 30-day stroke or transient ischaemic attack (0.6% vs. 0.4%; odds ratio 1.02; 95% CI 0.14-7.54; P = 0.99; P interaction = 0.81). One-year results were similar. No significant differences were seen in electrocardiographic and angiographic myocardial reperfusion measures. 
.. Conclusion
Direct stenting rates were higher in patients randomized to thrombus aspiration. Clinical outcomes and myocardial reperfusion measures did not differ significantly between DS and conventional stenting and there was no interaction with thrombus aspiration.
Introduction
Several strategies have been attempted to improve myocardial reperfusion in patients with ST-elevation myocardial infarction (STEMI) undergoing percutaneous coronary intervention (PCI). Direct stenting (DS)-stent implantation without balloon pre-dilatationis thought to do this by reducing distal embolization and thereby microvascular obstruction. 1 The strategy is widely practiced, although no formal guideline recommendations for it exist. 2 Small trials have indeed shown improved myocardial reperfusion and a possible reduction in mortality, but large definitive studies are lacking. [3] [4] [5] [6] [7] Routine use of manual thrombus aspiration in primary PCI resulted in improved myocardial reperfusion and a reduced 1-year cardiac mortality in the Thrombus Aspiration During Percutaneous Coronary Intervention in Acute Myocardial Infarction Study (TAPAS). 8, 9 Patients assigned to thrombus aspiration in TAPAS had substantially higher rates of DS as compared with patients assigned to PCI only. The efficacy of routine thrombus aspiration could not be confirmed in either the much larger Thrombus Aspiration in STElevation Myocardial Infarction in Scandinavia (TASTE) 10 or the Trial of Routine Aspiration Thrombectomy with PCI vs. PCI Alone in Patients with STEMI (TOTAL), 11 prompting international guidelines to advise its use in selected patients only. 2 In the TASTE and TOTAL trials, thrombus aspiration also seemed to facilitate DS, but DS rates were not as high as in TAPAS. It was suggested that a synergistic effect between thrombus aspiration and DS could contribute to explain the differences between TAPAS and the TASTE and TOTAL trials. 12, 13 In this study, we used patient-level data from TAPAS, TASTE, and TOTAL to investigate the impact of DS on clinical outcome and myocardial reperfusion and its synergy with thrombus aspiration among patients with STEMI undergoing PCI.
Methods

Study design
As described previously, 14 the Thrombectomy Trialists Collaboration comprises investigators of the three largest randomized clinical trials comparing routine manual thrombus aspiration vs. PCI only in STEMI patients: TAPAS, 8 TASTE, 10 and TOTAL. 11 Individual patient-level data were collaboratively shared, thus accounting for a dataset that included more than 86% of all randomized patients in the field. 12 Data were merged at the Uppsala Clinical Research Center (Uppsala, Sweden) and rigorously reviewed for completeness and consistency. Common data definitions were applied within the collaboration by consensus whenever possible. 14 The three trials complied with the Declaration of Helsinki, each trial was approved by an institutional review board, and participants provided informed consent. In this study, we used the Thrombectomy Trialists Collaboration data to investigate the impact of DS on myocardial reperfusion and clinical outcome and its synergy with thrombus aspiration. All randomized patients who had undergone PCI for index STEMI were considered. Additional inclusion criteria for this study were implantation of > _1 stent and non-missing data on DS. Consequently, the final study population differed slightly from our previous report.
14 Direct stenting was defined as implantation of > _1 stent into the culprit lesion without pre-dilatation. Primary analyses were conducted in the modified intention-to-treat population. For this analysis, patients who had undergone PCI for index STEMI were kept in the study group to which they were originally randomized (i.e. thrombus aspiration or PCI only). A per-protocol (as treated) analysis was conducted as a sensitivity analysis.
Outcomes
Clinical measures of efficacy up to 1-year follow-up were reported in all three trials and included cardiovascular death, all-cause mortality, myocardial infarction, stent thrombosis, and target vessel revascularization. Clinical measures of safety up to 1-year follow-up were available in TASTE and TOTAL only and included stroke or transient ischaemic attack (TIA). Outcome definitions used in each trial are specified in Supplementary material online, Table S1 . Outcomes in TASTE were obtained from discharge diagnoses in administrative databases and population registries, and were not adjudicated. In this study, the prespecified primary efficacy outcome was 30-day cardiovascular death and the prespecified primary safety outcome was 30-day stroke or TIA. Data on myocardial reperfusion were available in TAPAS and TOTAL only. Myocardial blush grade was measured directly after PCI, as described previously. 15 Impaired myocardial reperfusion was defined as a myocardial blush Grade of 0 or 1. Electrocardiographic ST-segment resolution was assessed 30-60 min post-PCI, and impaired myocardial reperfusion was defined as ST-segment resolution <70%. 16 
Statistical analysis
Continuous variables were summarized as means ± standard deviations; discrete variables were presented as numbers and percentages. To compare groups, we used Wilcoxon's rank-sum test or Kruskal-Wallis' test for continuous variables and Pearson's v 2 test for categorical variables.
The Kaplan-Meier method was used to display time-to-event data and statistical significance was tested with the log-rank test. To establish the independent impact of DS on clinical outcome and myocardial reperfusion, we first calculated propensity scores to determine the odds of undergoing DS for a given set of baseline and procedural characteristics. Prespecified covariates used to calculate propensity scores were age, sex, hypertension, diabetes, prior myocardial infarction, prior PCI, Killip class IV, culprit vessel (left anterior descending artery vs. other), culprit in proximal vessel, pre-procedural thrombolysis in myocardial infarction (TIMI) flow < _1, and number of implanted stents. Missing values for each of these covariates were <1%. To avoid loss of data, we used multiple imputation by chained equations to create several datasets over which the estimated propensity scores per patient were averaged. Subsequently, 1:1 propensity matching was performed on propensity score and thrombus aspiration in order to get one conventional stenting control for each DS case. We then computed Cox regression models to calculate hazard ratio's (HRs) and 95% confidence intervals (CIs) for DS for all clinical outcomes adjusting for study. Logistic regression was used to calculate odds ratio's (ORs) for the outcome of stroke or TIA, since the exact time of these events was not documented in the TASTE trial during the initial hospitalization. Logistic regression was also used to establish the impact of DS on myocardial reperfusion measures using the same methodology as described above. Interaction between DS and thrombus aspiration was determined by calculation of the P-value for interaction in the final (adjusted) models. Adjusted OR's and HR's for thrombus aspiration were omitted from the outcome tables as they had limited value in a population that was matched based on the propensity of undergoing DS. Sensitivity analyses included a per-protocol analysis (i.e. thrombus aspiration as treated) and a propensity adjusted analysis in the unmatched population. Statistical analyses were performed with R version 3.2 (R Foundation for Statistical Computing, Vienna, Austria) and statistical significance was set at P < 0.05 (two-tailed).
Results
A total of 17 329 patients were included; 5472 (32%) underwent DS and 11 857 (68%) underwent conventional stenting ( Figure 1 ). Direct stenting rates were almost two-fold higher in patients randomized to thrombus aspiration as compared with PCI only (41% vs. 22%; P < 0.001); these percentages were the same in the per-protocol population. Baseline and procedural characteristics are listed in Table 1 . Patients undergoing DS were slightly younger (61.8 vs. 63.6 years; P < 0.001), more likely to smoke (43% vs. 40%; P < 0.001), but less likely to have experienced prior myocardial infarction (7.5% vs. 10%; P < 0.001) as compared with patients undergoing conventional stenting. No differences were found with respect to infarct related artery, but patients treated with DS had lower rates of preprocedural TIMI 0/1 flow (70% vs. 77%; P < 0.001). While patients undergoing DS had slightly more (1.5 vs. 1.3 stents; P < 0.001) and larger (mean diameter 3.2 vs. 3.1 mm; P < 0.001) stents implanted, contrast use was lower (162 vs. 172 mL; P < 0.001) and fluoroscopy time was shorter (11.1 vs. 13.3 min; P < 0.001) as compared with conventional stenting. Notably, patients were more likely to undergo DS in high-volume centres ( Table 1) . Baseline and procedural characteristics by PCI technique in a four-group fashion (DS or conventional stenting and thrombus aspiration or PCI only) are listed in Supplementary material online, Table S2 . After 1:1 propensity matching on DS vs. conventional stenting, a population with a total of 10 944 patients was acquired ( Table 1 ). This population was used for subsequent analysis. Clinical outcomes in the matched population are listed in Table 2 . The primary efficacy outcome, 30-day cardiovascular death, occurred in 1.7% of patients treated with DS and 1.9% of patients treated with conventional stenting (HR 0.88, 95% CI 0.55-1.41; P = 0.60). No interaction between DS and thrombus aspiration was found (P interaction = 0.96), indicating lack of a synergistic effect. Cardiovascular death at 1-year follow-up was 2.7% with DS and 3.0% with conventional stenting (HR 0.89, 95% CI 0.62-1.30; P = 0.55; Figure 2 ). There was no interaction with thrombus aspiration (P interaction > 0.99).
Thirty-day stroke or TIA, the primary safety outcome, occurred in similar percentages of patients treated with DS and conventional stenting (0.6% vs. 0.4%; OR 1.02, 95% CI 0.14-7.54; P = 0.99). No interaction between DS and thrombus aspiration was seen (P interaction = 0.81). One-year stroke or TIA results were comparable ( Table 2 ). The models in Table 2 demonstrated that DS as compared with conventional stenting was associated with similar risks of all other clinical outcomes at 30-day and 1-year follow-up including all-cause mortality, myocardial infarction, stent thrombosis, and target vessel revascularization. No interaction with thrombus aspiration was found for any of these outcomes, suggesting lack of synergy between the two procedures.
As a sensitivity analysis, results were recalculated in the per-protocol population where thrombus aspiration was classified according to the treatment received (Supplementary material online, Table S3 ). This yielded similar results, with the exception of a significant association between DS and a lower rate of 1-year target vessel revascularization (4.3% vs. 5.6%; HR 0.73; 95% CI 0.54-0.97; P = 0.028). As a further sensitivity analysis, a propensity adjusted (rather than a propensity matched) analysis was conducted in the unmatched population (Supplementary material online, Table S4 ). This yielded similar results as the primary analysis.
Measures of impaired myocardial reperfusion post-PCI are listed in Table 3 . Direct stenting was not associated with a reduction in incomplete (i.e. <70%) ST-segment resolution (30% vs. 35%; OR 0.84, 95% CI 0.70-1.01; P = 0.06) and no interaction with thrombus aspiration was seen (P interaction = 0.47). No independent association was found between DS and impaired angiographic myocardial reperfusion either (myocardial blush Grade 0 or 1: 4.7% vs. 5.7%; OR 0.99, 95% CI 0.66-1.47; P = 0.94) and there was no interaction with thrombus aspiration (P interaction = 0.26).
Principal findings of our study are outlined in the Take home figure.
Discussion
We conducted the largest observational study on DS vs. conventional stenting in patients with STEMI undergoing PCI to date. Principal 1 It has been postulated that omission of pre-dilatation in DS might reduce the risk of thrombus fragmentation and distal embolization with subsequent microvascular obstruction and impaired myocardial reperfusion, vessel wall injury might be reduced, and some dissections might be sealed the moment they are created. Furthermore, DS may reduce radiation exposure, radiographic contrast use, and procedural duration and costs. Potential disadvantages of DS include failure to reach or cross the lesion, lesion/stent mismatch due to suboptimal lesion visualization, and underexpansion of the stent in calcified lesions. 1 We did indeed find reductions in contrast use and fluoroscopy time with DS. Clinical outcome and myocardial reperfusion were not significantly better with DS as compared with conventional stenting, although it should be noted that a moderate benefit from DS on clinical outcome could not be ruled out given the effect estimates and wide confidence intervals we found in our study. We found no evidence of harm associated with DS. Particularly, rates of stent thrombosis and target vessel revascularization up to 1 year were similar in DS and conventional stenting, which is a reassuring signal in the light of concerns of lesion/stent mismatch with DS. In the per-protocol analysis (thrombus aspiration as treated), DS was even associated with a reduction in 1-year target vessel revascularization. However, this result warrants cautious interpretation as it was only seen in one sensitivity analysis. A contemporary randomized trial is warranted to definitively address the efficacy and safety of this common procedure. Such a trial would require a large sample size, but this is feasible if a simple trial design is chosen. DS has been studied in five small clinical trials randomizing a total of 754 patients. [3] [4] [5] [6] [7] A recent meta-analysis of these trials reported on a higher rate of ST-segment resolution (69% vs. 60%; P = 0.05) and a Take home figure (A) Direct stenting rates were almost two-fold higher in patients randomized to thrombus aspiration as compared with percutaneous coronary intervention only, suggesting that thrombus aspiration may facilitate direct stenting. (B) One-year cardiovascular death and other clinical outcomes did not differ significantly after direct stenting or conventional stenting in the propensity matched population. (C) No interaction was found between direct stenting and thrombus aspiration for any of the clinical outcomes, suggesting lack of synergy when the two procedures are combined. DS, direct stenting; PCI, percutaneous coronary intervention; TA, thrombus aspiration.
reduction in in-hospital mortality (0.3% vs. 2.1%; P = 0.02) with DS as compared with conventional stenting. 17 Reductions in procedural time and contrast volume were also reported. However, it is important to note the limitations of these trials. They were all conducted in the late '90s through early '00s and thus contained several obsolete treatment elements including antiplatelet therapy with ticlopidine and implantation of bare-metal stents. Moreover, inclusion was limited to STEMI patients in only one trial, 6 while the other trials included a broader spectrum of patients with acute coronary syndromes, 4, 5, 7 and, in one trial, even some patients with stable angina. 3 More contemporary observational studies have also been published, reporting on reductions in fluoroscopy time 18 and contrast use 13, 18 as well as improved myocardial reperfusion, 19 and reductions in 1-year all-cause mortality with DS. 13, 18, 19 The positive results of these studies in the light of our neutral results could be due to chance, but possible alternative explanations are as follows. First, two of these studies were conducted in an all-comers registry and thus included a broader spectrum of STEMI patients than our current trial population. 13, 19 It is conceivable that these studies included more high-risk patients with complex and calcified lesions who have a poor clinical outcome and are unlikely to be treated with DS, resulting in a bias toward superiority of DS despite multivariable adjustment. Second, these studies were moderately sized (1419 through 2528 patients), yielding less than 20 actual events per study in the DS group for all-cause mortality at 1-year follow-up. It is well known that limited power reduces the reliability of multivariable models and increases the chance of spurious findings. By conducting a study that is larger than all prior studies in the field combined, we had reasonable event counts for common (e.g. all-cause mortality) and less common (e.g. stent thrombosis) clinical events. Third, the field may be affected by publication bias, as some neutral studies may not find their way to publication. Nonetheless, a single centre experience that reported on lack of a mortality reduction with DS was recently published. 20 The combination of thrombus aspiration and DS comprises two potentially beneficial elements. The first element is facilitation of DS by thrombus aspiration. Thrombus aspiration has the potential to remove the thrombotic component of a culprit lesion allowing for better visualization of lesion length and reference vessel diameter of the underlying stenosis, thus enhancing the number of lesions amenable for DS. Indeed, our study supports the hypothesis that thrombus aspiration facilitates DS as was evidenced by an almost two-fold higher DS rate after thrombus aspiration as compared with PCI only. This finding is also in line with previous observational studies. 13, 18, 19 The second element pertains to actual synergy between thrombus aspiration and DS, which means that the combination of these two procedures that are both thought to improve myocardial reperfusion results in a benefit that is greater than the sum of the two separate interventions. We did not find evidence of such synergy in our study. Our analysis suggests that differences in DS rates cannot sufficiently explain differences in clinical outcomes between TAPAS and the TASTE and TOTAL trials. It is important to note that definitive evidence of synergy can only be derived from a large randomized clinical trial using a 2 Â 2 factorial design and such a trial has not been conducted to date. Nonetheless, it is worth to mention the PIHRATE trial in this context. 21 This small trial randomizing 196 STEMI patients to thrombus aspiration with DS vs. PCI only with pre-dilatation was negative on its primary endpoint (60 min post-procedural STsegment resolution >70, 54% vs. 45%; P = 0.29).
Limitations
Several limitations of our study should be noted. First, this article is a post hoc analysis of trial data. While patients were randomized to thrombus aspiration vs. PCI only, performance of DS was at the operator's discretion. Accordingly, our analysis is susceptible to bias. Although, we rigorously adjusted for confounders, we cannot exclude the possibility of residual confounding by unmeasured factors. Specifically, it has been reported that patients with calcified lesions exhibit poorer myocardial reperfusion. 22 Since these patients are less likely to undergo DS, this could be a source of residual confounding in favour of DS. Second, it is important to note that outcomes reported for thrombus aspiration vs. PCI only are different as compared with the dedicated meta-analysis, we previously published on this topic. 14 Differences are due to unavoidable exclusion of additional patients as we outlined in Figure 1 and due to the matching procedure. Consequently, event rates reported in this subpopulation cannot be used to draw conclusions on the efficacy or safety of thrombus aspiration. Third, not all data were available in all the participating trials. Data on myocardial reperfusion were unavailable in TASTE and TAPAS did not document the occurrence of stroke or TIA. Fourth, outcomes were not adjudicated in TASTE, a registry-based randomized trial.
Conclusions
Patients randomized to thrombus aspiration were more likely to undergo DS. It required less contrast and had shorter fluoroscopy time. Clinical outcomes and myocardial reperfusion measures with DS and conventional stenting did not differ significantly and there was no interaction with thrombus aspiration. A large randomized trial is warranted to definitively address the efficacy and safety of this common procedure.
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